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Abstract: The endothelin axis, recognized for its vasoconstrictive action, plays a central role in the
pathology of pulmonary arterial hypertension (PAH). Treatment with approved endothelin receptor
antagonists (ERAs), such as bosentan, ambrisentan, or macitentan, slow down PAH progression
and relieves symptoms. Several findings have indicated that endothelin is further involved in
the pathogenesis of certain other diseases, making ERAs potentially beneficial in the treatment of
various conditions. In addition to PAH, this review summarizes the use and perspectives of ERAs in
cancer, renal disease, fibrotic disorders, systemic scleroderma, vasospasm, and pain management.
Bosentan has proven to be effective in systemic sclerosis PAH and in decreasing the development
of vasospasm-related digital ulcers. The selective ERA clazosentan has been shown to be effective
in preventing cerebral vasospasm and delaying ischemic neurological deficits and new infarcts.
Furthermore, in the SONAR (Study Of Diabetic Nephropathy With Atrasentan) trial, the selective
ERA atrasentan reduced the risk of renal events in patients with diabetes and chronic kidney disease.
These data suggest atrasentan as a new therapy in the treatment of diabetic nephropathy and
possibly other renal diseases. Preclinical studies regarding heart failure, cancer, and fibrotic diseases
have demonstrated promising effects, but clinical trials have not yet produced measurable results.
Nevertheless, the potential benefits of ERAs may not be fully realized.

Keywords: pulmonary arterial hypertension; cancer; renal disease; fibrotic disorders; systemic
scleroderma; cerebral vasospasm; pain management; ambrisentan; atrasentan; bosentan; clazosentan;
macitentan; zibotentan

1. Endothelin in Health and Disease

The endothelin axis is most recognized for its potent vasoconstrictive action involved in the
physiological regulation of vascular tone. The overproduction of endothelin in the lung can cause
pulmonary arterial hypertension (PAH). Thus, endothelin receptor antagonists (ERAs) have been
approved for the treatment of this disease [1]. Beyond hypertensive pathologies, the endothelin axis
has pleiotropic functions associated with fundamental cellular processes, including cell proliferation
and apoptosis. Endothelin is autocrinally regulated by physiochemical factors such as blood flow,
mechanical stretch, or pH [2—4], and triggers the production of growth factors [5-8]. The ubiquitous
distribution of endothelin and its receptors implicates their involvement in a wide variety of
physiological and pathological processes among different organ systems [9]. Chronic endothelin
stimulation has been implicated in several human cardiovascular, inflammatory, fibrogenic and
oncologic diseases [1,10]. Furthermore, endothelin plays putative roles in pathologies such as heart
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failure, renal insufficiency, septic shock, atherosclerosis, and hemorrhage-associated cerebrovascular
conditions, and can worsen insulin resistance by impairing glucose uptake in skeletal muscles [11].
Consequently, pharmaceutical agents that act on the endothelin axis might be beneficial in the treatment
of numerous and diverse diseases [1]. This review will discuss the use and benefits of ERAs in PAH
and beyond.

2. Endothelin and the Canonical Endothelin Pathway

The endothelin group comprises the three peptide isoforms, ET-1, ET-2, and ET-3, which have
distinct tissue distributions. ET-1 is the most abundant isoform in the human cardiovascular system [9].
Under physiological conditions, active ET-1 is synthesized from precursors via endothelin converting
enzymes predominantly in endothelial cells, but synthesis by vascular smooth muscle cells (VSMCs)
has also been demonstrated [12]. ET-1 signaling occurs via the G protein-coupled receptors ET
and ETg, both of which share the same Gg1;1 signaling pathway [13] (Figure 1). Activation of either
receptor leads to the activation of phospholipase C, which processes the molecule phosphatidylinositol
4,5-bisphosphate into inositol trisphosphate and diacylglycerol. Inositol trisphosphate binds to its
receptor, located on the sarco-/endoplasmic reticulum, followed by a release of Ca?* into the cytosol [13]
(Figure 1).
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Figure 1. The canonical pathway of ET-1. Active ET-1 is synthesized from precursors via endothelin
converting enzymes (ECE). ET-1 signals via two G protein-coupled receptors, ET5 and ETjg, both
of which share the same Gg11 signaling pathway. Activation of a receptor leads to the activation
of phospholipase C (PLC), which processes the molecule phosphatidylinositol 4,5-bisphosphate
(PIP;) into inositol trisphosphate (IP3) and diacylglycerol (DAG). IP3 binds its receptor located on the
sarcoplasmic reticulum (SR), followed by a release of Ca?* into the cytosol. Arrows describe cause—effect
relationships. The right panel is a zoom-in (big arrow) of the box region. CaM, calmodulin; MLCK,
myosin light-chain kinase; PKC, protein kinase C; ROC, receptor-operated channel; RyR, ryanodine
receptor; VOC, voltage-gated channel. Parts of the figure are drawn using pictures from Servier Medical
Art (https://smart.servier.com), licensed under a Creative Commons Attribution 3.0 Unported License

(https://creativecommons.org/licenses/by/3.0).

In the vascular system, ET4 receptors are mainly found in VSMCs. Their activation leads to
vasoconstriction. In contrast, ETp receptors are expressed in VSMCs and endothelial cells. Whereas
ETp receptor activation in smooth muscle mediates vasoconstriction, activation of the same receptor
in endothelial cells causes vasodilation due to cytosolic Ca** binding to calmodulin to activate
calmodulin kinase, which is responsible for phosphorylating endothelial nitric oxide synthase (NO)
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and thereby initiating NO synthesis [13,14]. Most vascular ET-1 degradation occurs intracellularly
upon internalization of the ET-1 receptor complex [13].

3. Endothelin Receptor Antagonists (ERAs)

Three different ERAs are used in the treatment of PAH: bosentan (Tracleer, RO470203), ambrisentan
(Letairis, Volibris, LU-208075) and macitentan (Opsumit). In addition, several other potentially
beneficial ERAs have been identified, including sitaxsentan (Thelin), clazosentan (RO-61-1790, VML-588,
AXV-034), atrasentan (ABT-627, Xinlay), zibotentan (ZD4054), and aprocitentan (ACT-132577, the active
metabolite of macitentan) (Figure 2).
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Figure 2. Chemical structures of ERAs.

3.1. Pharmacodynamics

Bosentan, ambrisentan, and macitentan are currently used in PAH treatment. Many synthetic
molecules have been designed, tested, and evaluated for various conditions. These drugs can be
divided into different categories because they are designed as either ET 4 -selective antagonists (with an
ETA/ETp selectivity ratio > 100) or dual ETA/ETp antagonists (relatively equal selectivity between ETp
and ETg). Only a few ETg-selective antagonists have been developed, and these have never reached
clinical use [1]. Other relevant ERAs that have been tested in human clinical studies on patients
afflicted with PAH or other diseases are the ET 5 -specific compounds sitaxsentan [15], atrasentan [16],
clazosentan [17], zibotentan [18,19], and aprocitentan (Table 1).
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Table 1. A comparison of the pharmacokinetic characteristics and adverse events of ERAs.

4 0f 29

Bosentan Ambrisentan Macitentan Sitaxsentan Atrasentan Clazosentan Zibotentan Aprocitentan
[20] [21] [22] [23] [24] [17] [25] [26]
FDA: 2001 FDA: 2007 FDA: 2013 . - . . .
Approval status EMA: 2002 EMA: 2008 EMA: 2013 Withdrawn Experimental Experimental Experimental Experimental
Receptor selectivity Non-selective Selective (ETx) Non-selective Selective (ETx) Selective (ETx) Selective (ETx) Selective (ETp) Non-selective
Ad:lr:;u;gsetlon Oral twice daily Oral once daily Oral once daily (10~ Oral once daily ~ Oral once daily (i.e., Intravenous (30-60  Oral once daily Well tolerated
recommendation (62.5-125 mg) (5-10 mg) mg) (i.e., 100 mg) 40 mg) mg/h for 6 h) (10-100 mg [19]) <100 mg/d for 10 days.
Oral b“’;i/")aﬂab‘hty 49.8 [27] 80 74 [28] >90 N.R. N.R. N.R. Oral active
o
T: () 5 15 16 ~10 24 1-2 ~8 NR.
Tmax (h) 3 2 8 1-2 15 N.R. 1 N.R.
. CYP3A4, CYP2C19 .
Metabolizing CYP3A4 and ! ! CYP3A4, . Glucoronidation, CYP3A4,
enzymes CYP2C9 UGTs 1A95, 1A3S CYP2C19 CYP2C9 [29] CYP3A oxidation CYP2C9 [30] CYP3A4 CYP2C19
and 2B7S
Elimination Biliary excretion, Biliary excretion, Renal, fecal, Fecal, biliary Renal, fecal,
. . . X . . Renal, fecal N.R. K Renal . .
pathway bio-transformation ~ bio-transformation  bio-transformation excretion bio-transformation
Headache, nausea, Peripheral edema, L. Nausea, Headache, rhinitis, Headache, nausea, Hypertenswpi headache,
Common adverse o . . Naso-pharyngitis, headache, . . . Headache, nasopharyngitis, decrease
vomiting, flushing, nasal congestion, . asthenia, peripheral ~ nasal obstruction, . :
effects o - headache peripheral . nausea in hemoglobin and
palpitations headache, dizziness . edema vomiting .
edema, flushing hematocrit
. . Lo . Lesions of
Serious adverse Anemla}, abnor.mal None known Anemia Ser'1ous 1mp§ct Hypotens'lon, None known olfactory NR.
effects hepatic function on liver function  hyponatremia [31]

epithelium [32]

CYP, cytochrome P450; EMA, European Medicines Agency; FDA, Food and Drug Administration; N.R., not reported; UGT, Uridine 5'5’-diphosphate glucuronosyltransferase.
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Bosentan is a non-peptide pyrimidine derivative that acts as a competitive, specific antagonist for
both ETx and ETg. It was the first ERA to be approved for the treatment of PAH in patients with a
World Health Organization (WHO) functional class III-1V [33].

Ambrisentan is a propanoic acid derivative that is highly selective for ET4 [34]. Ambrisentan has
theoretical benefits in terms of preventing cellular proliferation and vasoconstriction mediated by ET 5
receptors on VSMCs while simultaneously preserving the vasodilator function of the ETp receptor [35].

Macitentan belongs to the class of sulfamides and, like bosentan, it is a dual ERA, and thus
inhibits ET-1 binding to both ET 5 and ETg [28]. At the cellular level, the drug differs from bosentan
and ambrisentan through its binding profile, namely its slow receptor dissociation characteristics [36].
Due to this quality, macitentan theoretically has the potential to block ET-1-induced signaling more
effectively than other ERAs [37].

3.2. Pharmacokinetics

Bosentan is an oral drug with a usual dosage of 125 mg twice daily after a titration period.
The bioavailability is approximately 50%, and following oral administration, bosentan reaches its
peak plasma concentration (Cmax) in healthy subjects after 3-5 h, with approximately 98% bound
to albumin [35]. The former parameters are not significantly altered depending on food intake [33].
Steady state concentrations are reached in 3-5 days after administration of multiple doses. The volume
of distribution is 30 L [20].

Bosentan mainly undergoes hepatic metabolism followed by almost complete elimination in the
bile. The metabolism involves cytochrome P450 (CYP) 3A4 and CYP2C9. Three metabolites have
been identified; one is active and contributes to the total response following the administration [35].
The drug has a terminal half-life of 5.4 h after oral administration [20].

Ambrisentan is administrated orally, with a usual dosage of 5 or 10 mg once daily. The absolute
bioavailability is unknown. The drug is rapidly absorbed and reaches its Cnmax after approximately
1.5-2h. Ninety-nine per centis bound to plasma proteins. These parameters are not significantly affected
or extended by food intake [38]. Steady state concentrations are achieved after four days of repeated
administration [39]. The volume of distribution is unknown [40]. Ambrisentan undergoes hepatic
metabolism. The drug is metabolized by glucuronidation and oxidative metabolism (primarily by
CYP3A4). The main metabolites are ambrisentan glucuronide and 4-hydroxymethyl ambrisentan [39].
The drug has a terminal half-life of 9-15 h depending on the dosage [39]. The elimination of an oral
dosage is predominantly by non-renal pathways, with 66% being recovered in the feces and only 22.6%
in the urine [38].

Macitentan is administrated orally once daily, with a usual dosage of 10 mg [41]. The drug
is slowly absorbed, reaching Cnax approximately 8 h post-dose, and more than 99% is bound to
plasma proteins [37]. Although the bioavailability is unknown, data from physiologically based
pharmacokinetic modelling indicates high oral bioavailability. These parameters are not altered by
food intake [28]. A steady state concentration is achieved in three days. The volume of distribution
is estimated to be 40-50 L [42]. Macitentan undergoes hepatic metabolism by CYP450 enzymes,
primarily CYP3A4, and to a lesser extent CYP2C9, CYP2C8 and CYP2C19 [28]. Macitentan has one
active metabolite, ACT-132577 (also referred as aprocitentan), which is also an ETA/ETg receptor
antagonist [36]. Macitentan has a terminal half-life of 16 h [37], before the drug and its metabolites are
excreted in the feces (24%) and urine (50%) [28,37].

3.3. Interactions and Contraindications

Due to the metabolism of bosentan, other drugs that are metabolized may induce or inhibit the
specific CYP enzymes and can interact with this ERA. Some examples are ketoconazole, ciclosporin,
simvastatin, and warfarin among many others [20,43]. Bosentan induces CYP2C9, CYP2C19 and
CYP3A4, and because many contraceptives are metabolized by CYP3A4, there is a possibility of failure
when co-administrating bosentan [20]. Dose-dependent increases in liver amino-transferase levels
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mean that, when possible, bosentan should be avoided in patients with moderate to severe hepatic
impairment [43]. Bosentan is likely teratogenic, and pregnancy must be excluded before the start of
treatment and prevented thereafter [20].

Drugs that affect the CYP enzymes may induce potential drug-drug interactions, and caution is
advised when co-administrating ambrisentan with ciclosporin, ketoconazole or omeprazole. The same
advice is applicable for inhibitors or inducers of P-glycoprotein (P-gp), UDP-glucuronosyltransferase
and organic-anion-transporting polypeptide (OATP) [39]. Ambrisentan is not recommended for
patients with severe hepatic impairment due to the hepatic and biliary involvement in its metabolism
and excretion [38].

Given that macitentan is metabolized by several CYP enzymes, drugs that induce or inhibit these
enzymes can affect its pharmacokinetics [36]. Macitentan is not a substrate of P-gp, and hepatic uptake
is not dependent on OATP transport. Consequently, there is no accumulation in the liver and fewer
possible drug-drug interactions [36]. Macitentan is contraindicated in pregnant women due to the
risk of causing birth defects [37]. Patients with severe hepatic dysfunction or elevated liver enzymes
should not be treated with macitentan [41].

3.4. Adverse Effects

The number of adverse effects (AE) from ERAs are dose-dependent. The general side effects
are related to the vasodilator properties, including flushing, nausea, headache, nasal congestion and
peripheral edema, as well as hypotension and palpitations [35]. Bosentan is associated with a reversible,
dose-dependent elevation in aminotransferases [44]. Reduced hemoglobin levels and anemia can
appear during ERA treatment [35]. Peripheral edema can also be observed with the use of ERAs [45,46].
Due to teratogenic effects in animal studies, all three ERAs are considered teratogenic and therefore
contraindicated in pregnant women [35,47]. The type of contraception used during ERA treatment
is essential, especially with regard to bosentan. Estroprogestative contraception is unreliable due to
a powerful induction of CYP2C9 and CYP3A4 [20,35]. Cases of severe hepatitis-like drug reactions
and even fatal liver injury have been related to the use of sitaxsentan, which led to its withdrawal in
2010 [48].

4. Pulmonary Arterial Hypertension (PAH)

PAH is a disease that affects the small arteries in the lungs. It is characterized by a vascular
obstruction that leads to a progressive increase in vascular resistance and several vascular changes [49].
PAH is asymptomatic in early stages of the disease, but the symptoms, including persistent dyspnoea
related to a decline in right heart function, appear in relation to disease progression [49,50]. If left
untreated, the hemodynamic abnormalities ultimately result in a limitation of cardiac output and right
ventricular failure [51]. Currently, PAH is not curable. However, pharmacological treatment can slow
down the disease progression and relieve symptoms.

The pathogenesis of PAH is complex and likely involves multiple pathways rather than a few
mechanisms. These pathways include the endothelin pathway, and patients with PAH present with
elevated endothelin production [52].

Over the past few decades, several medications have been developed, and the current treatment
is focused on three molecular signaling pathways: the prostacyclin, NO, and endothelin pathways [53].
The three approved ERAs, namely bosentan, ambrisentan, and macitentan, target the endothelin
pathway and stimulate vasodilation, albeit with distinctive characteristics. The ERAs have been
evaluated in several studies. The following trials are the most comprehensive studies. In the BREATHE-1
trial (Bosentan Randomized Trial of Endothelin Antagonist Therapy), bosentan significantly improved
the 6-minute walking distance (6MWD) in PAH patients, with a mean difference (MD) of 44 m
compared to the placebo group [54]. Similarly, in the ARIES-1 trial (Ambrisentan in Patients With
Moderate to Severe Pulmonary Arterial Hypertension), ambrisentan significantly improved the 6eMWD
in PAH patients, with a MD of 51 m, when the highest dose was compared to the placebo group [55].
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Finally, in the SERAPHIN trial (Study With an Endothelin Receptor Antagonist in Pulmonary Arterial
Hypertension to Improve Clinical Outcome), macitentan significantly improved the 6MWD, with a
MD of 12.5 m compared to the placebo group [56]. Thus, the three ERAs have proven to be useful in
the treatment of PAH as all improve the 6SMWD, WHO functional class, and different hemodynamic
parameters. The absence of trials that have directly compared ERA treatments complicates the efficacy
assessments of different treatment regimens. Network metanalyses suggest that ambrisentan might
be the most appropriate treatment regarding efficacy and tolerability [57]. However, the safety and
efficacy, especially of macitentan, must be evaluated in future studies with PAH patients. The same is
true for combination treatment regimens. Table 2 lists the relevant active and recruiting trials that are

evaluating ERAs in the treatment of PAH.

Table 2. Recruiting and active trials on the use of ERAs in the treatment of PAH.

Trial Design Objective Study Size Status
NCT01827059: A rz}ndormzed The objective of this trial is to
placebo-controlled trial to analyze . .
. . Interventional, analyse changes in pulmonary
changes in pulmonary arterial . .
. Randomized, arterial pressure at peak
pressures at peak exercise in -
. . . Parallel exercise before and after -
congenital heart disease patients . . 12 participants Unknown
. L assignment, treatment with bosentan,
with exercise-induced PAH before . .
R Double-blind, compared to placebo, in
and after treatment with bosentan, . . .
Phase I patients with con-genital heart
compared to placebo disease
(BICYCLE) ’
NCTO01347216: Prospective The aim of this trial is to
registry of newly initiated Observational, compare the results of the 10,000
therapies for pulmonary Cohort, manifold options for mono- . Recruiting
. . S . participants
hypertension Prospective and combination therapy in
(COMPERA) the treatment of PAH.
The goal of this trial is to
NCT01406327: Drug use evaluate the incidence of Active, ot
investigation for VOLIBRIS® Observational adverse events in Japanese 900 participants recrui;in
(ambrisentan) (PAH) PAH patients treated with 8
ambrisentan.
Interventional The aim of this trial is to
NCT03809156: Upfront riociguat cerventional, evaluate the efficacy and
. LS Single group o -
and ambrisentan combination ; safety of first-line combination - .
§ assignment, . . 20 participants Recruiting
therapy for PAH: a safety and No maskin therapy using ambrisentan
efficacy pilot study & and riociguat in patients with
Phase IV PAH
The primary objective of this
NCT01342952: An open-label, trial is to assess the long-term
long-term extension study for . tolerability and safety of
. Interventional, . . S
treatment of pulmonary arterial . ambrisentan in a pediatric
Lo L - Single group .
hypertension in pediatric patients ? PAH population. Secondary - -
assignment, Lo 66 participants Recruiting
aged 8 years up to 18 years who No maskin objectives include all-cause
have participated in AMB112529 & mortality and change from
. . Phase II . .
and in whom continued treatment baseline on efficacy
with ambrisentan is desired parameters in Study
AMB112529.
NCT02932410: A multicenter,
open—lgbel, randomized, Intervent{onal, The goal of this trial is to
event-driven study to assess Randomized )
. evaluate the efficacy, safety
efficacy, safety and Parallel L . -
L . . and pharmacokinetics of 300 participants Recruiting
pharmacokinetics of macitentan assignment, . . . .
. . . macitentan in children with
versus standard of care in children No masking, PAH
with PAH Phase III ’
(TOMORROW)
NCT03422328: Multicenter, The aim of this trial s to
. . evaluate the long-term safety
single-arm, open-label, long-term Interventional, . .
. . . . of mac-itentan, and to provide
safety study with macitentan in Single group . . .
. . . ? continued treatment with - Enrolling by
patients with pulmonary arterial assignment . . . . 94 participants R,
. . . macitentan in patients with invitation
hypertension previously treated no masking, .
: . P . PAH who were treated with
with macitentan in clinical studies Phase III

(UMBRELLA)

macitentan in previous clinical
studies.
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Table 2. Cont.

Trial Design Objective Study Size Status
NCT00667823: Long-term
single-arm open-label extension Interventional, The objective of this trial is to
study of the SERAPHIN study, to single group evaluate the long-term Acti
e ; s .. ctive, not
assess the safety and tolerability assignment, tolerability and safety of 550 participants recruitin
of ACT 064992 in patients with no masking, maci-tentan in patients with &
symptomatic PAH Phase III symptomatic PAH.
(SERAPHIN OL)

The goal of this trial is to

NCT02126943: US-based, assess safety and to describe

observational, drug registry of Obsgr\;lahonal, outcomes and clinical 5000 L.
opsumit® (macitentan) new users o ort', characteristics of patients articipants Recruiting
pSUIL . Prospective pa P P
in clinical practice (OPUS) newly treated with
macitentan.
NCT03904693: Prospective,
multi-center, double-blind,
randomized, active-controlled,
triple-dummy, parallel-group, The aim of this trial is to assess
group-sequential, adaptive phase Interventional, the benefits of a fixed-dose
3 clinical study to compare the Randomized, combination therapy with
efficacy and safety of macitentan Parallel macitentan and the 170 participants Recruitin
and tadalafil monotherapies with assignment, phosphodiesterase type 5 P P &
the corresponding fixed dose Double blind, inhibitor tadalafil compared to
combination in subjects with PAH, Phase III monotherapy with macitentan
followed by an open-label or tadalafil.

treatment period with macitentan
and tadalafil fixed dose
combination therapy

The objective of this pilot

NCT03362047: 'Untersuchung des Interventional, study is o determine the

Einflusses PAH-spezifischer Randomized, therapeutic effect of two
Medikation auf die Parallel P . .. "
rechtsventrikulire Funktion bei assignment, par.allel groups treated with 30 participants Recruiting
Patienten mit PAH unter basalen no masking, either macitentan or the
Bedingungen’ Phase IT soluble guanylate cyclase

(sGC) stimulator riociguat.

Apart from PAH, the endothelin system has been implicated in many other pathologies. More
particularly, its involvement in cardiovascular disease has recently be summarized by Barton and
Yanagisawa [10]. Moreover, trials with the ET-selective ERA darusentan showed BP reduction
in models of salt-sensitive hypertension [58,59] and in patients with resistant hypertension [60-62].
Effects of aprocitentan in patients with resistant hypertension are currently under investigation
in the PRECISION phase III trial (ClinicalTrials identifier NCT03541174). In addition, darusentan
treatment attenuated the progression of experimental atherosclerosis [63]. Preclinical studies further
suggest a therapeutic potential of ERA treatment in patients with coronary artery disease or acute
coronary syndrome/myocardial infarction [10], as well as in the termination of coronary vasospasm [64].
However, so far, there is no evidence for clinical benefits of ERA therapy for heart failure. Further
medical disorders in terms of ERA treatment are discussed in the following sections.

5. Cancer

ET-1 is a mitogenic and antiapoptotic peptide, and its expression—as well as that of other
components of the endothelin axis—is increased in human cancers and has been implicated in their
development and progression (Figure 3A) [1,65]. Preclinical animal experiments and cellular models
have addressed all components of the endothelin axis in the development and progression of cancer.
ET-1 acts as a direct survival and proliferation factor for cancer cells [66] and is involved in the
transactivation of other receptors, including the epidermal growth factor receptor (EGFR) [67]. In many
tumors, ET-1 exerts a tumor-promoting effect through direct angiogenic effects on endothelial cells
and through both autocrine and paracrine pathways in the growing tumor [68,69]. Via binding to
the ETx receptor, ET-1 induces vascular endothelial growth factor (VEGF) expression by increasing
levels of hypoxia-inducible factor 1oc (HIF-1c) (Figure 3B,C) [70,71]. HIF-1« is likely to have a pivotal
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role in the ‘pro-tumor’ effect of ET-1 and elevated levels of HIF-1x are strongly correlated with
metastasis, angiogenesis, cancer resistance and poor prognosis [72]. VEGF stimulates cancer cells and
fibroblasts to produce proangiogenic proteases resulting in tumor angiogenesis [73]. In addition, ET-1
directly and indirectly promotes the epithelial-mesenchymal transition (EMT), invasion, migration
and metastasis of cancer cells [1,74]. ET-1 also mediates recruitment, proliferation and differentiation
of fibroblasts into myofibroblasts associated with tumors [75] and mediates the interaction between
cancer cells and immune cells [1]. Taken together, activation of the endothelin receptors likely
promotes tumor progression through many different mechanisms, including apoptosis inhibition,
matrix remodeling, cell proliferation and activation of osteoblasts that can result in bone deposition
in skeletal metastases [76] (Figure 3A). Nevertheless, the involvement of an endothelin signaling
network in tumor angiogenesis suggests the use of specific ET s receptor antagonists may be a new
therapeutic strategy to improve antitumor treatment by suppressing both tumor cell growth and
neovascularization (Figure 3B) [68].
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Figure 3. (A) Involvement of ET-1 (yellow circles) in cancer progression and metastasis. (B) Postulated
ET-1 receptor A signaling in tumor cells. Binding of ET-1 to the ET, receptor induces VEGF (gray
squares) and ET-1 expression by upregulation of HIF-1«. (C) Possible involvement of ET-1 receptor B on
the regulation of HIF-1« stability. Arrows describe cause-effect relationships. Red lines indicate receptor
antagonism of the respective ERAs. Akt, protein kinase B; 3-arr., 3-arrestin; CAF, cancer-associated
fibroblast; EGFR, epidermal growth factor receptor; EMT, epithelial-mesenchymal transition; Erk,
extracellular signal-regulated kinase; FAK, focal adhesion kinase, ILK, integrin-linked kinase; MEK,
Raf-mitogen-activated protein kinase (MAPK)/ERK kinase; MMP, matrix metallopeptidases; mTOR,
mammalian target of rapamycin PI3K, phosphoinositide 3-kinase; Ras, rat sarcoma proto oncogene;
TAM, tumor-associated macrophage; VEGF(R), vascular endothelial growth factor (receptor). Parts of
the figure are drawn using pictures from Servier Medical Art (https://smart.servier.com), licensed under
a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0).
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Depending on the relative expression of ETa and ETp receptors present in human cancer (Table 3),
ERAs with the right profile might be useful in cancer treatment. Preclinical ERA studies have been
conducted on various cancer types with promising results, although it must be emphasized that
the concentration of ERAs necessary to impact apoptosis in cancer cells was very high compared
to the effective concentrations in cardiovascular disease [1]. There is a link between the autocrine
activation of ETs and EGFR leading to EMT, chemoresistance and metastasis in epithelial ovarian
cancer cells. A study showed that the ET5 antagonist zibotentan combined with an EGFR antagonist
greatly reduced the proliferation and invasion of the tumor cells [77]. Macitentan in combination with
other drugs, but not as monotherapy, exhibited marked antitumoral effects in an experimental model
of multidrug-resistant ovarian tumors [78]. A preclinical study of colon cancer showed that zibotentan
reduced cell proliferation. However, cell migration was more inhibited by an ETp antagonist, and a
combined antagonist was more effective regarding cell contraction [79].

Table 3. Expression of ET-1 receptors in human cancer.

Effects Associated with

Tumor Type Endothelin Receptors Endothelin Receptor Expression References
Bladder cancer ETp, ETg Reduced survival [80,81]
Breast cancer ETp Rgducgd survival; mcreaged [82,83]
invasion; bone metastasis
Cervical cancer ETp N.R. [84]
Reduced survival; increased tumor
Colorectal cancer ETx grade [85,86]
Gastric cancer ETy, loss of ETg N.R. [87,88]
Glioblastoma ETx, ETg N.R. [89-91]
Head and neck cancer ETx Reduced survival [92,93]
Hep atgcellular ETx, loss of ETp Cell migration; invasion [94,95]
carcinoma
NSCLC: ETp NSCLC (adenocarcinoma): Reduced
Lung cancer SCLC: ETp survival [96,97]
Aggressive phenotype; cancer
Malignant melanoma ETp progression; metastasis to lymph [98,99]
nodes
. Increased tumor grade;
Ovarian cancer ETp . . [100,101]
chemoresistance; metastasis
Pancreatic cancer ETp, ETg Proliferation; angiogenesis [102-104]
Prostate cancer ETp Increased tumor 8T ade; bone [105,106]
metastasis
. Reduced survival (ETg), increased
Renal cell carcinoma ETa, ETg tumor grade (ET,) [107-110]
Thyroid cancer ET, PTC: Tumor growth; lymph node [111]
metastases
Vulvar cancer ETg Reduced survival [112]

N.R., not reported; NSCLC, non-small-cell lung cancer; PTC, papillary thyroid cancer; SCLC, small-cell lung cancer.

Potentiation of chemotherapy effects by ERAs were reported for different cancer types [113-116].
This may be explained by the binding ability of ERAs to membrane transporters, such as P-gp, that are
involved in multidrug resistance in several neoplasms [117] and whose overexpression is traditionally
linked to poor cancer prognosis [118]. ERAs can reduce P-gp functions at the blood—-brain barrier
resulting in less transport of chemotherapeutics not only in brain cancer but also in other cerebral
disorders [119]. In addition, macitentan combined with chemotherapy has demonstrated anti-cancer
stem cell activity [1]. Atrasentan enhanced the radiation-induced inhibition of tumor growth [120].

In summary, preclinical and ex vivo studies suggest that malignant cells are dependent on ET-1
with regard to cell growth and survival. Several ERAs have demonstrated promising effects in the
context of experimental cancer, with the potential to control survival of the malignant cells and regulate
vascular functions. ERAs have shown antitumor effects in cells of both human and animal origin.
These encouraging findings ultimately led to the evaluation of ERAs in human clinical trials. These
clinical trials have assessed the value of ERAs, alone or in combination with cytotoxic drugs, in the
treatment of many cancer types, including prostate, ovarian, breast, colon, kidney and lung. These
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studies mainly focused on the two selective ET 4 antagonists atrasentan and zibotentan [16,121,122].
Unfortunately, the results overall have been very disappointing, with no measurable, statistically
significant advantages, even though the drugs were well-tolerated (Table 4) [121-124].

Table 4. ERAs in cancer therapy: Results of clinical trials.

ERA

Receptor

Clinical

+ Combination Antagonism Tumor Type Development Results Ref.
Prostate cancer L
(non-metastatic CRPC) Phase III No significant effect. [125]
Prostate cancer Window Study, NR
Zibotentan (metastatic CRPC) NCTO01168141 o
Prostate cancer Phase III, Study terminated
(non-metastatic HRPC)  NCT00626548 y ’
ETp
Prostate cancer N CPj}}gg;;fz,p No significant effect on OS. [122]
(metastatic HRPC)
Phase III, . e
+Docetaxel NCT00617669 No significant effect on OS. [126]
Lung cancer No survival or progression
+Pemetrexed (NSCLC) Phase 1T advantage. [127]
Prostate cancer L
(non-metastatic HRPC) Phase III No significant effect. [128]
Atrasentan Prostate cancer Phase III No delay in disease [129]
(metastatic HRPC) progression.
No effect on OS or PFS;
+Docetaxel ETa Prostate cancer Phase III, patients with highly elevated [130-132]
+Prednisone (metastatic CRPC) NCT00134056  markers of bone turnover may o
benefit from atrasentan.
Metastatl.c renal cell Phase II No significant effect. [133]
carcinoma
Phase II,
Prostate cancer NCT00050297 N.R.
YM598 ETx
Metastatic prostate Phase II, NR
cancer NCT00048659 o
SPI-1620 . Phase I, . )
+Docetaxel ETg Biliary Cancer NCT01773785 Study terminated. [134]
Bosentan . Phase II, Possible be.n.eﬁt.m disease [135]
Metastatic melanoma stabilization.
. Phase II, No effect on tumor
+Dacarbazine ET,, ETp NCT01009177 progression. [130]
+Nab-paclitaxel . Phase I, "
+Gemcitabine Pancreatic cancer NCT04158635 Not yet recruiting.
Newly diagnosed Phase, .
Macitentan glioblastoma NCT02254954 Study terminated.
+ ETx, ETp Phase 1
T lomid. . asel, .
emozolomide Recurrent glioblastoma NCT01499251 Study terminated.

CRPC, castration-resistant prostate cancer; HRPC, hormone-refractory prostate cancer; N.R., not reported; NSCLC,
non-small-cell lung cancer; OS, overall survival; PFS, progression-free survival.

These results merit a discussion of the future of ERAs in connection with human cancer. What
causes the discrepancy between the results from preclinical models and the human clinical trials?
This phenomenon might be explained by numerous factors. In the preclinical models, the direct
effects of on tumor cells were evaluated. However, cell cultures cannot reflect the in vivo situation
of tumor biology. In addition, physiological differences and variations in target homology between
animals and humans may lead to translational limitations [137]. Novel compounds are also often
tested in cancer patients when the established therapies have failed, and the pattern of expression of
endothelin receptors might be complex and uncertain. Moreover, it is possible that dual antagonists
are more appropriate than single antagonists in cancer treatment. Cancer-associated fibroblasts and
tumor-associated macrophages are mandatory for human tumor progression, and these cells express
both ETp and ETg (Figure 3A). These aspects were not considered in the trials.
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6. Renal Disease

In chronic kidney disease (CKD), an injury to tubular or glomerular cells is followed by progressive
dysfunction. Both inflammatory and noninflammatory stress affect the glomerulus, resulting in
changes in structure, permeability and functions. CKD treatment mainly comprises inhibiting the
renin-angiotensin system, but patients remain at high risk of developing serious cardiovascular
complications and end-stage kidney disease. Furthermore, the development of new drugs for treating
these conditions has been slow to evolve [138]. However, ERAs represent a new hope regarding
diabetic nephropathy.

Within the kidney, ET4 activation mediates sodium retention, inflammation and fibrosis, whereas
sodium excretion via the NO pathway as well as protection against ET 5-receptor-induced actions
on inflammation and fibrosis is mediated by ETg receptor activation [139] (Figure 4). Early trials
investigated patients with cardiovascular and kidney disease and focused on dual ET, and ETp
receptor antagonists. Hypothetically, the more potent selective ET5 receptor antagonists have a
greater potential for benefit, although the risk of AEs might be equally increased. A significant AE
for high doses of ET receptor antagonists is fluid retention, which is potentially life threatening in
at-risk patients. Thus, special care is necessary when considering treating these patients with selective
ERAs [140]. However, when the low effective doses of the selective ET5 antagonist atrasentan were
evaluated in an early phase II study, the frequency of fluid retention was similar to that of the placebo
group [141].

In 2013, the double-blind, randomized, placebo-controlled SONAR trial (Study Of Diabetic
Nephropathy With Atrasentan) was initiated to evaluate the long-term effects of atrasentan treatment in
patients with type 2 diabetes and CKD. The trial incorporated a personalized approach into the design,
namely by selecting individuals who responded well to atrasentan in a run-in period. Atrasentan
significantly reduced the risk of renal events in the selected patients with diabetes and CKD compared
to placebo [142], and the results represented one of the first successful trials of therapeutics that
target the kidney in diabetes patients in more than 10 years [138]. Moreover, preclinical and small
clinical studies have shown that ET receptor antagonists are effective in models of non-diabetic CKD,
including hypertension-induced kidney disease and focal segmental glomerulosclerosis (Table 5) [143].
Consequently, ET s receptor antagonists hold much promise for reducing the disease progression of a
variety of renal diseases. Drugs like atrasentan have a great potential. Unfortunately, the future of
ET A receptor antagonist treatment in kidney disease is uncertain given that patents already have or
soon will expire [138]. Pharmaceutical companies may look towards newer combined agents such as
sparsentan, which targets both the ET 4 receptor and the angiotensin II type 1 receptor [144].

Table 5. ERAs in therapy of various diseases beyond PAH, cardiovascular disease and cancer.

Clinical

Disease ERA Receptor Antagonism Development Results Ref.
. Phase II, Reduced GFR, proteinuria P
Chronic kidney Sitaxsentan ETa NCT00810732 and BP. [143,145]
disease Phase I,
BQ-123 ETa NCT00722215 N-R.
Phase III, .
Avosentan ETx NCT00120328 Study terminated.
Phase II,
NCT01399580 Reduced urinary [146]
. . Phase II, albumin/creatinine ratio.
D}llabetlch NCT01356849
nephropat
phropathy Atrasentan ETa Phase II Reduced urine
NCT01424319 albumln/creatlplne.ratlos [146-148]
and albuminuria.
Phase II, Preserved estimated GFR. [149]

NCT00920764
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Table 5. Cont.

Clinical

Disease ERA Receptor Antagonism Development Results Ref.
Focal segmental ETA Phase II, L "
glomerulosclerosis Sparsentan (+ARB) NCT01613118 Reduced proteinuria. [144]
. . . Phase I,
Sickle cell disease ~~ Ambrisentan ETx NCT02712346 Not yet reported.
Phase III, Well tolerated; no [150]
NCT00391443 significant effect. )
Bosentan ETa, ETp Phase II, No effect on 6MWD; little [151]
Idiopathic NCT00071461 improvement in QOL )
pulmonary Phase ITI
fibrosis Ambrisentan ETA NCT00768300 No significant effect. [152]
. Phase II, s
Macitentan ETa, ETg NCT00903331 No significant effect. [153]
Malignant . Phase III,
hypertension Aprocitentan ETx, ETg NCT03541174 Not yet reported.
Phase II, Decreased the incidence of [154]
NCT00111085 severe vasospasm. N
Phase III
Cerebral ! No significant effect. [155]
vasospasm Clazosentan ETx NCT00558311
Phase III, Reduced mobidity; no [156]
NCT00940095 dose improved outcome. )
Phase III, N
NCTO01474109 No significant effect.
Macltentan Fla kT Phase II1, Study terminated .
NCT 01474122 Y terminated.
. RAPIDS-1 Improvemegt in hand [158]
Systemic function.
‘s‘clerosw Reduced occurrence of
(digital ulcers) RAPIDS-2 new digital ulcers; no [159]
Bosentan ETA, ETp effect on healing.
Prospective Improvement of
observational functl(')nallt.y and QOL by [160]
study reducing disease-related
symptoms.

ARB, angiotensin II type 1 receptor antagonist; BP, blood pressure; GFR, glomerular filtration rate; N.R., not reported,
QOL, quality of life.

De Zeeuw et al. [147] showed that the ERA atrasentan lowers albuminuria and improved blood
pressure and the lipid spectrum in patients with type 2 diabetic nephropathy receiving RAS inhibitors.
However, the clinical utility of ERA may be limited by fluid retention [148]. A post hoc analysis of the
phase IIb atrasentan trials assessing albuminuria reduction in 211 patients with type 2 diabetes showed
that the ERA-associated fluid retention occurred mainly in patients with diabetes and nephropathy
with a lower estimated glomerular filtration rate or who received a higher dose of atrasentan. Moreover,
the albuminuria-reducing efficacy of atrasentan is not impaired by fluid retention [148]. Lin et al. [146]
demonstrated the results from three phase II trials with 257 participants (NCT01356849, NCT01399580,
and NCT01424319). No significant association between atrasentan exposure and peripheral edema was
found (doses: 0.5, 0.75, 1.25 mg). The rates of peripheral edema were comparable in patients receiving
active treatment and placebo [146].
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Figure 4. Pathological roles of ET-1 (yellow circles) and endothelin receptor signaling in different
diseases. Arrows indicate cause—effect relationships. ANP, atrial natriuretic peptide; AVP, arginine
vasopressin; GFR, glomerular filtration rate; RPF, renal plasma flow; SCAD, spontaneous coronary
artery dissection; question mark, correlation not exactly known. Parts of the figure are drawn using
pictures from Servier Medical Art (https://smart.servier.com), licensed under a Creative Commons
Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0).

Earlier results proposed that ET 5 antagonism is reducing circulating lipids [161]. In a secondary
analysis of a crossover study (NCT00810732), 27 participants with predialysis CKD treated with an
optimal cardio- and renoprotective therapy were randomly assigned for treatment with a six-week
dosing with placebo, sitaxentan, or long-acting nifedipine. The clinical trial showed that selective ET o
antagonism improves lipid profiles in optimally managed CKD patients [161]. ET4 receptor blockade
may be a novel strategy to reduce cardiovascular disease risk in CKD [161]. In addition, the decrease
in proteinuria and the lowered blood pressure following sitaxentan therapy were associated with
increases in urine ET-1/creatinine. The reduction in pulse-wave velocity was associated with a decrease
in ADMA. Therefore, ET 5 receptor antagonism may modify risk factors for cardiovascular disease in
CKD [145].

In sickle-cell disease (SCD) erythrocytes stimulate endothelial ET-1 production [162]. Patients
suffer from tissue damage and life-threatening complications due to vaso-occlusive crisis that affects
the kidney and other organs. Thus, the excretion of ET-1 with the urine reflects the degree of renal
injury [163]. Treatment with bosentan [164] or ambrisentan [165] could reduce organ injury and
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mortality in an SCD mouse model. Currently, an ongoing phase I trial (NCT02712346) is investigating
the effects of ambrisentan on renal function, proteinuria, and macro-/microvascular function. The first
results are expected soon.

7. Fibrotic Diseases

Fibrosis is defined by the overgrowth, scarring, and hardening of tissues occurring in response to
tissue injury, when mainly myofibroblasts are activated followed by the replacement of normal tissue
with scar tissue [166]. Increased fibroblast proliferation and accumulation of extracellular matrix (ECM)
proteins are characteristic for fibrosis. Interestingly, same effects are caused by ET-1-mediated activation
of ET s and ETjp on fibroblasts [167]. This activation is a key factor in the pathogenesis of fibrosis and
may be an important mediator of other profibrotic effects [168,169]. ET-1 increases the ECM production
(collagen types I/I1I, fibronectin) [170-172] and inhibits the activity of enzymes responsible for ECM
degradation (collagenase) [173]. Furthermore, it interacts with MEK/ERK, transforming growth factor
 and nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells (NF-«B) signaling [168,174]
inducing profibrotic effects. Clinical evidence for the involvement of ET-1 in fibrosis was first reported
in scleroderma patients (see Section 9).

ERAs may have therapeutic potential in preventing the development of fibrotic diseases. Bosentan
were reported to inhibit ET-1-induced fibroblast proliferation and ECM deposition. Furthermore,
it reduced cardiac, pulmonary, hepatic and renal fibrosis in different disease models characterized
by the activation of the endothelin axis [168]. In addition, bosentan could reverse existing fibrosis,
possibly by stimulating collagenase expression. Inhibition of endothelin signaling with ERAs also
reduced hepatic fibrogenic response in experimental models of liver disease [175,176].

According to immunohistochemistry performed on human lung tissue and experiments in
animal models, the endothelin system might also be involved in the pathogenesis of pulmonary
fibrosis [168,169,177,178]. Currently, there is no curable treatment for this disease, and approved
compounds such as the tyrosine kinase inhibitor nintedanib can only slow down progression [179].
The endothelin axis was shown activated in the pathogenesis in an experimental rodent model of
idiopathic pulmonary fibrosis and treatment with bosentan indicated a decrease in pulmonary fibrosis
in one preclinical study [180]. Bosentan, ambrisentan, and macitentan have been evaluated in clinical
trials on patients with pulmonary fibrosis (Table 5) [150-153,181]. Unfortunately, all have produced
negative or neutral results. One trial was prematurely stopped given an increased disease progression
in the treated arm [152].

8. Cerebral Vasospasm

Vasospasm is the narrowing of arteries (vasoconstriction) after a subarachnoid hemorrhage
(SAH). Endothelin is considered to be a key mediator of vasospasm following a SAH. After a SAH
in animals and humans, most studies report that there is an increase in endothelin in the blood
and cerebrospinal fluid [182]. The SAH pathogenesis is unclear, but it is widely accepted that the
interaction between ET-1 and NO is critical for maintaining adequate cerebral vascular dilatation
and sufficient cerebral blood flow during a SAH. NO is a potent endogenous vasodilator; it directly
acts on VSMCs to cause vascular relaxation. Studies have shown that the administration of ET-1
antagonists or inhibitors of ECE—which is responsible for activating endothelin—can prevent a
vasospasm [183]. The synthetic ET5 receptor antagonist clazosentan is often considered the most
promising drug that has been studied for the prevention or reversal of cerebral vasospasm [183].
It decreases and reverses a cerebral vasospasm after an experimental SAH in animal models [184].
Twenty published reports demonstrated that endothelin antagonists prevented or reduced a vasospasm
after an experimental SAH in rats, rabbits, dogs and monkeys [185]. The double-blind, randomized
CONSCIOUS-1 trial (Clazosentan to Overcome Neurological Ischemia and Infarction Occurring After
Subarachnoid Hemorrhage) studied the effects of clazosentan in cerebral vasospasm. The drug
decreased the incidence of severe vasospasm and delayed ischemic neurological deficits and new
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infarcts seen on computed tomography scans in a dose-dependent manner [154]. A subgroup analysis
of patients participated in the terminated CONCIOUS-2 and CONCIOUS-3 phase III trials indicated
a dose-dependent reduction in vasospasm-related morbidity, but no significant effect on overall
survival [186].

9. Systemic Scleroderma

Systemic scleroderma or systemic sclerosis (SSc) is a rare and complex autoimmune disease
characterized by fibrosis of the skin and internal organs and widespread vasculopathy. Raynaud’s
phenomenon is often the first manifestation of SSc. Vasospasm of the digital arteries leads to the three
characteristic phases of pallor, cyanosis and erythema, all of which lead to reduced blood flow, total
loss of oxygen supply and reperfusion. Recurrent episodes of an ischemia-reperfusion injury and the
subsequent generation of reactive oxygen species can result in ischemic damage and necrotic lesions
called digital ulcers [187].

In SSc patients and patients with Raynaud’s phenomenon, plasma ET-1 concentrations are elevated
and correlate with the severity of the disease [187-190]. In addition to its role as a biomarker of vascular
disease, ET-1 itself might contribute to the fibrotic and vasculopathic aspects of SSc because it has
been shown to stimulate fibroblast and smooth muscle cell proliferation as well as proinflammatory
effects [191,192]. In addition, SSc patients develop autoantibodies directed against ET4 predicting the
occurrence of new digital ulcers [193]. Treatment with macitentan did not reduce the development of
new digital ulcers in SSc patients [157]. In contrast, a reduction of up to 48% in the number of new
digital ulcers was found after bosentan therapy, which affects the development but not the progression
of existing digital ulcers [159].

Patients suffering from autoimmune diseases such as SSc often develop PAH that may require
ERA treatment [194]. Bosentan, sitaxsentan, and ambrisentan have been demonstrated to be effective in
the treatment PAH related to scleroderma (SSc-PAH) [158,195]. This effect might be mediated through a
vasodilatory and antifibrotic effect, thus making these agents attractive as potential disease modifying
agents for SSc [196].

10. Pain Management

The management of chronic pain is a worldwide challenge, and current pain therapies are often
ineffective and have considerable side effects. Endothelin and its receptors are present in the pain
signaling pathway. Dependent on its local concentration, ET-1 itself can have both nociceptive or
antinociceptive properties [197,198]. ET-1 potentiates the effects of an algogen, such as capsaicin
and arachidonic acid, as well as directly activating nociceptors [199]. Moreover, ET-1 is involved in
conditions such as diabetic neuropathy, cancer pain, neuropathic pain and inflammatory pain [200,201].
An elevation in plasma ET-1 has been measured in animal models of several pathological conditions
where pain is an important symptom. These include Raynaud'’s disease, cancer (e.g., prostate cancer),
complex pain syndrome, vaso-occlusive crisis, and acute chest syndrome associated with sickle cell
disease [200].

Many human diseases are potential candidates for ET5 receptor antagonist pain reduction
therapies, and ERAs have shown promising results in this regard. Most trials with ERAs for the
treatment of pain have been conducted in animals, including studies on cancer pain [202] and sickle cell
disease [203]. The current knowledge suggests that the ET 5 receptor is a potential target for managing
pain associated with these diseases. In a small observational study, three patients with secondary
Raynaud’s phenomenon who received bosentan for 16 weeks experienced measurably decreased pain
severity as well as improved peripheral thermoregulation [204]. A reduction of pain was also reported
in trials of prostate and bone cancer pain patients [121]. Although several clinical trials with ERAs have
been completed, most have focused on actions of the endothelin axis other than pain relief. Therefore,
it is difficult to gain the maximum benefit from these trials. Furthermore, the full-scale effects of ET-1
on nociception need to be understood in more detail and evaluated thoroughly in the future.
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Opioids are highly effective drugs for treating pain. Highly potent opioid receptor agonists
have been developed. However, the drugs are known to be very addictive, and tolerance as well as
various AEs of these drugs remain a problem [205]. Opioid actions are mediated through the activation
of G-protein-coupled receptors, which activate and regulate various second messenger pathways.
Chronic exposure to opioids leads to a spectrum of cellular adaptations resulting in the downregulation
of mechanisms and desensitization. Thus, in some addicts and chronic pain patients, a 100-fold increase
over the normal analgesic morphine dose has been reported to produce only minor physiological
effects [205]. Animal studies have shown that endothelin may modulate the pharmacological effects of
morphine, and that opioids and endothelin may interact [206,207]. Moreover, other animal studies
have provided evidence that ET 5 receptor antagonists can potentiate the analgesic response induced by
morphine [208], and that they can promote coupling of G-protein to its receptors in morphine-tolerant
mice, where an uncoupling of G-proteins occurs [209]. In addition, ET 5-selective ERAs were reported
to increase the secretion of 3-endorphin and Leu-enkephalin [210].

It has been hypothesized that ET 5 receptor antagonists might minimize the withdrawal symptoms
of opioids following the development of tolerance and dependence. This hypothesis has been
investigated in animal studies. A selective ET s receptor antagonist was effective in reducing several
opioid withdrawal symptoms in mice. These data suggest that the endothelin receptors are involved
in CNS pathways in opioid withdrawal [211]. Consequently, ET5 receptor antagonists with the right
pharmacokinetic properties might be beneficial in combination therapy with opioids in the future,
regarding both opioid tolerance and withdrawal.

11. Conclusions

The ERAs bosentan, ambrisentan, and macitentan target the endothelin pathway in different ways
and have proven useful in the treatment of PAH. All compounds improve the 6 MWD, WHO functional
class, and various hemodynamic parameters contributing to relieve symptoms and slower disease
progression. Due to the pleiotropic effects of endothelin, ERAs have been evaluated in connection with
numerous other diseases. Although the results have generally been inconsistent, several studies have
produced promising results. Selective ERAs, including bosentan, have demonstrated to be effective in
SSc-PAH, and they could potentially act as disease modifying agents or help decrease the development
of vasospasm-related digital ulcers. Similarly, the selective ERA clazosentan has been shown to be
effective in preventing severe cerebral vasospasm and delaying ischemic neurological deficits as well
as new cerebral infarcts.

Some of the most promising recent results regarding ERA treatment have involved CKD.
In addition, ERAs represent a new treatment strategy for diabetic nephropathy. The selective ERA
atrasentan significantly reduced the risk of renal events in patients with diabetes and CKD. Furthermore,
preclinical and small clinical studies have shown that ET, receptor antagonists are effective in various
models of non-diabetic CKD, making ET 5 receptor antagonists promising agents, that could potentially
slow down disease progression of a variety of renal diseases.

Preclinical studies suggest that malignant cells may be dependent on ET-1 concerning cell growth
and survival, and several ERAs have demonstrated promising effects, including the potential to control
survival of the malignant, but clinical trials with ERAs in the treatment of different types of cancer have
not been able to produce measurable statistically significant positive results. The same is true for studies
that have evaluated the use of ERAs in the treatment of cardiovascular and fibrotic diseases. The field of
ET-1 cancer therapeutics will likely be transformed over the years to come, especially facilitated by the
growing knowledge of the genomic features of tumor cells and microenvironments and noninvasively
biomarker detection in early stages of cancer. The use of deeply developing patient-derived models
could be applicable and might comprise a new opportunity in ET-1 therapeutic development [124].
ERAs could prove beneficial in pain management, and the full-scale effects on nociception and opioid
tolerance is yet to be evaluated in detail. A better knowledge of the pathophysiology of pain in the
future could contribute hereto.
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12. Outlook

ERAs remain an important part of PAH treatment, but the use of the drugs may not be limited to
this condition. Promising results regarding the use of these drugs in other diseases have been produced.
However, more studies are needed to assess the benefits and safety of ERA treatment in various, well
defined patient groups, both with known and new ERAs. Additional studies are needed to shed light
on the efficacy of different combination therapy regimens.

The interesting, unique and positive results regarding treatment of diabetic nephropathy—and a
rare successful trial of therapeutics that target the kidney in patients with diabetes—have been partially
overshadowed by the uncertain future of ERA treatment due to patent expiration. Furthermore, many
(older) trials with ERAs have failed to produce any positive results due to non-optimal patient selection
and overdosing [212]. Despite the pleiotropic effects of endothelin, it seems that the drugs have no
significant effects in the treatment of cardiovascular and fibrotic diseases. Nevertheless, ERAs could
potentially play an important role in the treatment of a variety of other diseases in the future. Cancer
scientists are working on a novel strategy to increase the blood flow to the tumor by using the ETg
receptor agonist SPI-1620 (IRL-1620) in order to improve drug delivery or to augment the effects
of radiation therapy [134,213]. Most recently, a nanobody was constructed that may be useful as a
potential new ETp antagonist in the treatment of melanoma [214]. Further studies suggested beneficial
effects of ERA treatment on cognitive function in experimental models of vascular dementia [215,216].
The therapeutic potential of ERAs in vascular dementia or in Alzheimer disease has not yet been studied
in humans yet, but preclinical and pathology data offer hope. With focus on the pro-inflammatory
effects of ET-1, ERAs may also reveal therapeutic benefit for other autoimmune diseases than SSc, such
as theumatoid arthritis or lupus erythematosus.

Using the lessons we have learned, it should be possible to design and conduct successful trials
reflecting the full therapeutic potential of ERAs.
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